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The paper contains results of comparative gasification of standard wood biomass pellets, torrefied pellets and 
sawdust in a robust industrial fixed-bed gasifier. Parameters such as process stability, operating difficulties, gas 
parameters and tar content in syngas were analysed. The operating conditions were optimised to maximise 
production of liquid hydrocarbons, which can be both a problematic by-product and a valuable component. In 
order to collect the data concerning quantity and composition of the tars, the experimental set-up was equipped 
with a syngas cooler. 

The test runs conducted with sawdust and ordinary pellets did not cause any operational problems. The most 
complicated part of the experiment was maintaining process stability during gasification of torrefied pellets. 
The stabilisation effect of grinding of torrefied pellets and blending these pellets with wet sawdust were tested. 
It was concluded that effective and stable gasification of torrefied pellets in the tested type of fixed-bed gasifier is 
possible, but this type of fuel is much more suitable for co-gasification. 

The cleaned syngas from standard pellets had a relatively stable composition and calorific values in the range of 
4.8-5.6 MJ/Nm 3 . Cold gas efficiencies of the process were in the range of 0.72-0.77 MJ/Nm 3 . Using torrefied 
pellets as a feedstock led to a higher calorific value of syngas, but the cold gas efficiency remained similar 
(0.75). For sawdust both the calorific value of syngas (LHV = 3.0 MJ/Nm 3 ) and cold gas efficiency (0.57) were 
significantly lower than for pellets. The collected condensates contained a water fraction with dissolved organic 
compounds and thick viscous organic substances tar. It was observed that tar production from torrefied pellets is 
slower, characterised by lower yield, and technically more difficult in comparison to untreated biomass. The ef¬ 
fectiveness of liquid hydrocarbon collection (tar to fuel ratio) varied between 0.0138 [kg tar/kg fuel] for torrefied 
pellets and 0.0213 [kg/kg] for sawdust. The main component of water fractions were organic acids. The content of 
organic acids in these fractions was as follows: 79.5% from South African pellets, 67% from Polish pellets, 64% from 
Polish sawdust and 59% from torrefied pellets respectively. The main organic species in tar from torrefied biomass 
remained acids, whereas in other cases tars were composed of alkylophenols, linear and cyclic aliphatic oxygen¬ 
ates and polyfunctional aromatic oxygenates. 

© 2014 Elsevier B.V. All rights reserved. 


1. Introduction 

Due to the carbon reduction trend and C0 2 taxation the operators of 
existing production units in the energy and chemical industries often 
try to substitute fossil fuels with biomass. However systems based on 
solid fossil fuels are often not suitable for processing biomass, which 
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is moister, harder do grind and has a lower ignition temperature. 
Many of the problems associated to differences between biomass and 
fossil fuels can be solved by means of biomass pretreatment, such as 
torrefaction or pyrolysis. Torrefaction is a mild thermal treatment 
of biomass in which hemicellulose, the most reactive fraction of wood, 
is decomposed. The process takes place in moderate temperature of 
200-300 °C, in oxygen-free conditions and atmospheric pressure. 
Torrefaction improves the physical and chemical properties of biomass 
as a fuel by raising its energy density, lowering the oxygen to carbon 
(O/C) and hydrogen to carbon (H/C) ratios, and uniforming the quality 
of biomass and making it less hydrophillic (e.g. [1]). In addition, the 
torrefied product is brittle and, in comparison to raw biomass, more eas¬ 
ily fluidisable [2], These properties of the product result in lowering 
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costs of transportation and storage and increasing safety during milling 
and feeding, since the ignition temperature is higher in comparison to 
raw biomass. The product is, however, different from charcoal, which 
requires higher temperatures to produce. Due to its properties, torrefied 
biomass can serve as a biofuel alternative for hard coal. 

Gasification of biomass is an attractive way of converting renewable 
carbon to energy. The flammable gas, which is produced in the process, 
can potentially substitute natural gas and syngas derived from coal. The 
gas can serve as a fuel in heating systems [3], an alternative feedstock for 
methanol or Fischer-Tropsch synthesis or potentially as a substrate for 
efficient electricity production, both in engines and fuel cells [4], Due 
to its potential, gasification is currently intensively investigated theoret¬ 
ically/numerically (e.g. [5]) and experimentally (e.g. [6]). 

However, only a few works concerning gasification of torrefied bio¬ 
mass (e.g. [7]) and its impact on syngas production (e.g. [8]) have been 
published so far. Moreover, majority of the gasification experiments de¬ 
scribed in literature are laboratory or pilot-scale. Despite the fact that 
upscaling of the gasification process from lab- or pilot-scale to the 
scale of industrial plant is technically challenging [9], there is only a lim¬ 
ited amount of data concerning industrial gasifiers operating on a daily 
basis published so far, e.g. results from the industrial fixed bed gasifier 
are presented by Kwiatkowski et al. [10] or Kramreiter et al. [11], 
while results from fluidised bed unit by Kimbauer and Hofbauer [12], 

One of the most important technical obstacles to successful develop¬ 
ment of advanced commercial-scale biomass gasification technologies 
aimed at producing electricity is high amount of tars present in the pro¬ 
duced raw gas [4], The hydrocarbons which exit the gasification reactor 
in a gaseous form contain a significant percentage of energy, but tend to 
condense and foul in coolers and engines. Efficient extraction of liquid 
hydrocarbons would be dually beneficial: the tars could be further proc¬ 
essed for other purposes and the syngas could be used for fuel or elec¬ 
tricity production. The rate of tar production and the characteristics of 
hydrocarbons are highly dependent on the equipment and operating 
conditions of the gasifier [13], 

This paper reports on results obtained from experiments aimed at 
maximising the efficiency of collecting liquid hydrocarbons from an 
industrial-scale biomass gasifier. This research programme was con¬ 
ducted by a joined team from Sasol Technology South-Africa, Modern 
Technologies and Filtration (MTF) Poland and University of Warsaw in 
an industrial fixed-bed updraft biomass gasification plant located in 
Poland [14], This robust unit, which uses a gasifier to power an activated 
carbon regeneration system, has been operating in Poland for more than 
15 years. 

In this research the gasifier was used to gasify torrefied pellets pro¬ 
duced by YSER Portugal and three other wood materials (sawdust and 
two types of pellets: Polish and South-African) as reference feedstocks. 
The syngas composition and operating conditions were recorded for 


each biomass type, but special interest was paid to the tar production 
rate and to collection of this tar. Understanding the dynamics of tar for¬ 
mation and taking it into account while operating the gasification pro¬ 
cess can improve the efficiency and durability of applied tar removal 
systems. 

Sasol conducted extensive research concerning the composition of 
liquid hydrocarbons produced during gasification of various types of 
biomass (Bamboo samples, pine pellets, com stove, straw and organic 
municipal waste). These laboratory analyses of tars were performed 
on samples derived from strictly controlled and stable test conditions. 
Maintaining such process stability in a commercial operation is impos¬ 
sible and consequently the liquid hydrocarbons obtained in industrial 
processes can potentially have significantly different properties, compo¬ 
sition and yields. Moreover, the amount of products derived from the 
pilot-scale units is too little for reliable tests of tar processing and such 
tests cannot be considered representative for industrial operations. 

The aims of this joint Polish-South African research programme 

1. Examine feasibility of gasifying torrefied wood pellets in an air 
blown, up-draft gasifier. 

2. Investigate the process of capturing liquid hydrocarbons from the 
raw gas obtained through gasification of various types of biomass 
(i.e. wood pellets, torrefied pellets and sawdust) in an industrial gas¬ 
ification plant and quantify the tar and liquid removed from the gas 
by the cooling system. 

3. Test the newly designed cooler system and define the main process 
parameters resulting in stable operation with regards to liquid hy¬ 
drocarbon production. 

4. Characterise the syngas after removal of the liquid hydrocarbons. 

5. Determine the physical and chemical properties of removed sub¬ 
stances (quality and quantity), in particular the content of water, liq¬ 
uid hydrocarbons, light tar, heavy tar, char and crystalline solid 
phase. 

2. Materials and methods 

2.J. Biomass characteristics 

Four types of woody biomass were tested, namely Polish pellets 
(PP), torrefied pellets from Portugal (TP), South African pellets (SAP) 
and Polish pine sawdust (PS). These particular types of feedstock were 
selected based on their current and prospective availability on the mar¬ 
ket. Pellets are standard commodities commercially available in large 
quantities both in Poland and South Africa, thus the stable long-term 
supply chain may be easily secured for large scale processing plant. 
Torrefied pellets are still not treated as a standardised commodity. 


Table 1 

Characteristics of biomass feedstocks. 


Polish pellets (PP) Torrefied pellets (TP) South Africa pellets (SAP) 


Polish sawdust (PS) 


Mass density (bulk) [kg/m 3 ] 550 

Particle diameter [mm] 7 

Particle length [mm] 30 

Proximate analysis (wt% as received) 

Moisture content 10 

Volatiles 70 

Fixed-carbon 19.5 

Ash 0.5 

Ultimate analysis (wt%, dry basis) 

C 52.6 

H 5.9 

O 41.3 

N 0.3 

Calorific values (as received) 

LHV [MJ/kg] 17 


17 


235 

2 

2 

50 

41.9 

7.4 

0.7 

51.8 

5.7 

42.2 

0.1 
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Fig. 1. Diagram of hydrogen-to-carbon ratio (H/C) versus oxygen-to-carbon ration (O/C) 
of each feedstocks. 


Portugal had been chosen as the most certain potential future supplier 
of this fuel. Despite differences in their characteristics all these types 
of biomass are considered an attractive fuel for gasification or other 
thermal processes. 

The results of the proximate and the ultimate analysis of the mate¬ 
rials are given in Table 1. As expected, the torrefaction resulted in low¬ 
ering the oxygen to carbon (O/C) and hydrogen to carbon (H/C) ratios, 
as it is presented in Fig. 1. 

Raw sawdust has the lowest heating value of all tested materials. 
The properties of this fuel strongly depend on the moisture content, 
which is typically around 50%. Sawdust is the lightest and the most 
shredded of the fuels as well (Fig. 2a). 

Pellets consist of compacted biomass. Wood pellets in particular 
are produced by compressing sawdust and are the most common 


type. The resulting fuel is dense, has low moisture content and is easy 
to transport. The Polish pellets which have been chosen for the experi¬ 
ment were produced from pine (60%) and hardwood sawdust (40%), 
whereas the South African pellets consisted of pine sawdust only. The 
physical and thermo-chemical properties of the Polish pellets and 
South-African pellets are similar (Table 1 and Fig. 2b-c), except that 
SA pellets has significantly higher ash content The lower heating values 
are close to 17 MJ/kg. 

The torrefied pellets have the highest heating value (LHV > 20 MJ/kg) 
and have been recently investigated as a useful feedstock for gasification 
[1,8,7], In recentyears torrefied biomass (sometimes referred to as bio¬ 
coal or green coal) receives growing attention. The technology is known 
since the 1930s but no significant literature from this time preserved 
until today. Recently the process became again a subject of research. 
Systematic investigation on the topic began at the Energy Centre of 
the Netherlands (ECN) and resulted in a number of technical reports 
(e.g. [15,16]). Since ECN's activities began, several companies and 
other research institutions worldwide have been developing their 
own patented technologies in the field [17], 

The torrefied pellets selected for the experiment have been pro¬ 
duced at Yser Green Energy (YGE) in Portugal at approximately 250- 
270 °C. As a result of torrefaction, the pellets are dry (3-5% of moisture 
content), significantly smaller compared to untreated pellets and black 
in colour (Fig. 2d). The fixed carbon content is almost twice compared to 
the amount present in other tested feedstock (Table 1 ). For more details 
on torrefied material see [18], 


22. Gasifier 

The gasification unit chosen for the experiment was designed to 
process sawdust with variable moisture content (from very dry to raw 
sawdust) and also capable of handling pellets and other biomass 



Fig. 2. Processed biomass feedstocks, before gasification: a) Polish sawdust, b) Polish pellets, c) 1 


Mean pellets, d) torrefied pellets. 
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materials. This and other gasifiers designed by Marek Dudynski et al. 
have been operating in Poland for more than 30,000 h [19,20,10], 

The gasifier is a cuboid-shaped reactor as presented in Fig. 3. Typical¬ 
ly it gasifies around 300 kg/h biomass. During the experiment with dry 
compacted fuels the hourly load was lowered to 100 kg. The dimensions 
of the gasification chamber assure that the dust particles dragged along 
with the gas flow are completely gasified before leaving the unit. The 
residence time differs for various feedstocks, from few hours for saw¬ 
dust and other light materials, to ten and more hours for pellets and 
heavier feedstocks. The length of the reactor (4 m) ensures complete 
gasification even for heavy materials with longer residence times. 

The biomass is introduced into the gasifier by a feeding system locat¬ 
ed in the left top part of the reactor. The material is transported in a 
150 L airtight container and is supplied into the gasifier by a screw feed¬ 
er from the top, with a fully automatic control system. The gasifying 
agent (air) is supplied from the bottom by a system of five inlet valves 
and distributed within the gasifier via a specially designed grid. The 
grid consists of right-tilted slats which induce a right-directed flow of 
the air and consequently a right-directed movement of the material to 
the ash removal system in a counter-current movement. In this way 
the asymmetrical fixed-bed is created and controlled. 

The air is supplied in by an air fan, with a maximum available flow 
rate of 300 m 3 /h. The air was uniformly distributed for all five bottom 
inlets (Fig. 3). The gasifier is designed to work at an overpressure. The 
gas leaves the reactor through an outflow located at the top-right part 
of the chamber and is directed to a subsequent activated carbon regen¬ 
eration unit, where it is combusted. 

Due to the dynamics of tar condensation it was important to main¬ 
tain the temperature of syngas at the gasifiers outlet above 300 °C [21, 
22], At the same time the temperature had to be kept below 750 °C 
for the relatively simple cooling system to operate effectively. Therefore 
the average temperature of gas leaving the gasifier was approximately 
550 °C. 

2.3. Gas cooler 

For the purpose of the experiment, a cooler and a gas probe were 
installed directly at the syngas outlet section. The cooler was designed 
to accommodate a capacity of 300 Nm 3 /h of hot raw gas with an inlet 
temperature of up to 750 °C. The raw gas was cooled by ambient air to 
a temperature of around 150 °C, allowing all tars and oils to condense 
(the dew points for different liquid hydrocarbons range from 180 °C 
to 503 °C). Fig. 4 shows a schematic diagram of the cooler. 


heated air 



Fig. 4. Schematic diagram of the cooler. 


The main technical problem concerning the cooler was occasional 
blockages by dense fractions of heavy tar. The blockages occurred 
when the temperature of raw gas at the cooler inlet was either too 
high or too low. In the first case, when temperatures exceeded 750 °C, 
part of the tars transformed into coke particles which easily blocked 
the cooler. When the temperature of raw gas was too low, the liquids 
started to condense before entering the cooler. The cooler worked 
efficiently in the temperature range between 300 °C and 400 °C, while 
cooling the syngas to approximately 150 °C. Despite the fact that the 
average temperature of gas flowing out of the cooler was higher than 
150 °C, the temperature close to the walls of the cooler was locally 
lower than 100 °C. Such inhomogeneity in the distribution of tempera¬ 
ture decreased the efficiency of tar collection and caused condensation 
of water vapour. 

2.4. Measurement methods 

The gasifier was equipped with four thermocouples located close to 
the biomass feeding system, in the upper-left zone of the gasifier, in the 
middle of the reactor and close to the gas outlet. The cooler was also 
equipped with four thermocouples measuring the temperature of 
inflowing and outflowing air and the temperature of raw and cooled 
syngas. The pressure of syngas before and after the cooler was measured 
and the differential pressure (gas flow resistance) was also determined. 

Methodology of gas sampling and analysis follows the technical 
standards [23], A syngas sampling system was located between the 
gasifier and the cooler. A sample of gas captured by the probe went 
through a set of hot and cold scrubbers filled with an alcoholic sorbent. 
The scrubbers not only cleaned the sample, but also enabled to deter¬ 
mine its tar and water content For complete condensation of liquid hy¬ 
drocarbons the scrubbers were cooled below zero Celsius. Subsequently 
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the cleaned gas flowed through a gas conditioner M&C PSS-5 and a 
laboratory gas metre. After this pre-treatment the gas was analysed in¬ 
dependently by an online gas analyser and by a gas chromatograph. The 
measurements were taken every 3 min. The gas chromatograph (Varian 
CP-4900) was calibrated to determine the following compounds: H 2 . 
CO, C0 2 , CH 4 , C 2 H 4 , C 2 H 6 , C 3 H 8i N 2 , and 0 2 . The CO, C0 2 , CH 4 and 0 2 
content were also independently determined by the online gas analyser 
Ultramat 23, while the gas analyser Colomat 6 measured the hydrogen 
level. The water vapour was analysed with Karl Fischer titration. 
The gravimetrical determination of liquid hydrocarbons was conducted 
according to Tar Protocol [24], 

Due to restricted availability of apparatus the on-site and on-line 
measurements of gas composition were carried out only for the first 
and second experiment (Polish and torrefied pellets), while for the 
other runs (South African pellets and sawdust) the gas samples were 
collected into Tedlar bags and analysed in a laboratory. In both cases 
the same apparatus and methodology were applied, except that in the 
latter case the amount of gas in the samples was too small to reliably 
determine the tar and water vapour content 

2.5. Gas chromatography mass spectrometry of condensates 

The water samples containing dissolved organic compounds were 
filtered to remove solids and characterised using a gas chromatographic 
technique coupled to a mass spectrometer (GC-MS). The heavy viscous 
liquid hydrocarbons were dissolved in a solvent and also characterised 
by GC-MS. 

Collected water and tar samples were analysed using a GC-FID 
(quantification) and a GC-MS (peak identification) fitted with HP- 
FFAP column (50 m x 0.2 mm x 0.33 pm). The HP-FFAP column is a 
high polarity column suited for the analyses of organic acids, free fatty 
acids and phenols. Approximately 1 pL of sample was injected into the 
GC column with a split of 200 (if samples were too diluted a split of a 
100 was used). The GC oven programme was as follows: Initial temper¬ 
ature of 60 °C held for 5 min, ramp at 6 °C per minute to 240 °C and held 
for 30 min (until all compounds have eluted). Gas flow through column 
was 1.2 ml per minute (helium in GC-MS and hydrogen in GC-FID). 

2.6. Experiment schedule 

The experiment was conducted over a period of two weeks between 
26.08.2012 and 7.09.2012. The experiment was divided into four test 
runs — one for each material. In total 12.5 tons of biomass were gasified 
during the experiment. 

We adopted the following sequence of tests: 

1. Polish wood pellets (PP), 4400 kg were gasified in 64 h; 

2. Torrefied wood pellets (TP), 2240 kg were gasified in 90 h; 

3. South African wood pellets (SAP), 3600 kg were gasified in 66 h; 

4. Polish Sawdust (PS), 2300 kg were gasified in 48 h. 

Since one of the aims of the experiment was to collect liquid hydrocar¬ 
bons produced from different kinds of biomass, the duration of the trials 
differed depending on the effectiveness of liquid hydrocarbon collection. 

All of the test runs were carried out according to the following 
procedure: 

1. Loading feedstock into the gasifier. Over several consecutive hours 
the gasifier was loaded with biomass, until the bed reached the re¬ 
quired height 

2. Identification of optimal biomass loading and air supply rates, which 
guarantee maintaining stable gasification parameters. 

3. Maintaining process parameters, which enable both stable produc¬ 
tion of liquid hydrocarbons and effective gasification. Collection of 
samples. 

4. Finalization of the trial run. The completion process was commenced 
12 h before the scheduled end of each trial. During the final stage of 


Table 2 


Summary of process parameters averaged ove 

r time when 

the process wa 

is stable. 


Polish 

Torrefied 

South Africa 

Polish 


pellets 

pellets 

pellets 

sawdust 


(PP) 

(TP) 

(SAP) 

(PS) 

Biomass feed rate [kg/h] 

69 ± 5 

35 ± 5 

55 ± 5 

48 ±5 

Air stream [m 1 2 3 4 /h] 

too ± 10 

40 ± 10 

90 ± 10 

35 ± 10 

Temperature 71 [°C] 

520 ± 20 

460 ± 25 

890 ± 50 

470 ± 145 

Temperature 72 [°C] 

380 ± 10 

400 ± 10 

280 ± 20 

470 ± 145 

Temperature 73 [°C] 

750 ± 10 

960 ± 20 

670 ± 30 

470 ± 145 

Temperature T4 [°C] 

410 ± 5 

410 ± 10 

300 ± 30 

480 ± 40 

Hot syngas temperature [°C] 

350 ±2 

350 ± 10 

220 ± 10 

400 ± 45 

Cooled syngas temperature 

150 ±5 

170 ± 20 

145 ± 10 

170 ± 30 

['Cl 

Estimated residence time [h] 

7.5 

20 

9 

5 


each trial feedstock loading was limited, but the air supply rates were 
maintained in order to promote combustion rather than gasification. 
This operating regime also led to burning-out of the bed before load¬ 
ing the next batch. 

5. Two to four hours of downtime. This time was required in order to 
clean out ashes and hot residuals from the gasifier before loading a 
new batch of feedstock. 


3. Results and discussion 

3.1. Operational conditions and observations 

The conditions for stable operation of the gasifier are summarised in 
Table 2. ft has to be stressed that these conditions maximise the rates of 
tar collection, not the efficiencies of the process. Usually operating con¬ 
ditions are set up to minimise the tar content in the syngas [21,25] and 
maximise syngas production [10] or syngas quality [26]. 

3.1.1. Gasification of Polish and South-African pellets 

Gasification of pellets, both Polish and South African, caused no op¬ 
erational problems. The stable operation mode was reached quickly 
and easily maintained. Temperature profiles observed inside the gasifier 
were very similar for both types of pellets as presented in Figs. 5 and 6. 
Temperatures in the upper zone of the gasifier were lower than the 


Polish pellets 



air flow - 100 m 3 /h, average biomass feeding rate - 70 kg/h. 
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temperatures in the lower zone. The highest temperature was observed 
in the middle of the lower part of the gasification chamber. 

3.1.2. Gasification of torrefied pellets 

By far the most complicated part of the experiment was maintaining 
process stability during gasification of the torrefied pellets, which creat¬ 
ed a compact fixed bed with a strong tendency to combust rather than 
gasify. This trial was also the longest (90 h) and the most complicated. 
For technical reasons the test run with the torrefied pellets was initiated 
immediately after the previous test was completed, without removing 
the residuals and ashes produced from Polish pellets. High temperature 
of the remaining ashes and residuals, 900 °C, together with moderate air 
supply led to stable, but not favourable operation mode in which the 
feedstock was burning rather than gasifying. This mode is visible at 
the first part of Fig. 7. The temperature of a bed rose up to 1000 °C, 
whereas the average temperature in the upper zone of the gasifier 
was only 400 °G 

This initial mode changed into unstable mode presented in Fig. 7. De¬ 
spite reduction in air supply, the temperature of the bed was temporarily 


Grinded torrefied pellets 



Time [h] 


Fig. 8. Temperatures during gasification of grinded torrefied pellets. Average air flow - 
45 m 3 /h, average biomass feeding rate - 25 kg/h. 


as high as 1200 °C. Then the air flow was almost completely stopped, but 
it still took four more hours to lower the temperatures. 

Apart from reduction of the air supply two other methods of 
preventing combustion and promoting gasification were tested. The 
first method consisted of grinding the torrefied pellets before introduc¬ 
ing them into the gasifier. Grinding of pellets increases the surface area 
exposed to the gasifying agent and consequently speeds up endother¬ 
mic gasification reaction [27], Gasifier fuelled with grinded torrefied 
pellets worked with lower temperature as it is shown in Fig. 8. However, 
it also caused an increase of the dust content of produced gas and led to 
faster clogging of the cooler. 

The second method was based on the observation that the torrefied 
material was very dry, contained low amounts of volatile matter and 
was highly reactive. By blending the torrefied pellets with small amount 
of wet sawdust the level of moisture present inside the reactor was in¬ 
creased. Consequently the effectiveness of gasification also increased 
and the temperatures inside the gasifier decreased. However, this meth¬ 
od did not stabilise the process very effectively, as it is presented in Fig. 9. 



Fig. 7. Temperatures of stable, but not favourable, mode of gasification of the torrefied pellets. 
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Time [h] 


Fig. 9. Temperatures during stable gasification of grinded torrefied pellets (25 kg/h) 
blended with sawdust (5 kg/h). Average air flow - 40 m 3 /h, average biomass feeding 
rate -30 kg/h. 


3.1.3. Gasification of sawdust 

The test run with sawdust was the shortest (48 h), mainly because 
the plant crew have years of experience with gasification of this type 
of fuel. The test was completed without maintenance problems. Opera¬ 
tion conditions are presented in Table 2. The gasifier fed with sawdust 
worked with relatively uniform temperature distribution within the 
gasifier as it is presented in Fig. 10. 


3.2. Syngas 

The calorific value of syngas produced in a low temperature regime 
(approximately 530 °C) proved sufficient for further processing of the 


Polish sawdust 



air flow — 35 m 3 /h, average biomass feeding rate — 50 kg/h. 


Table 3 

Average composition of gas obtained in final test runs. 


Polish Torrefied South Africa Polish 

pellets pellets pellets sawdust 

(PP) (TP) (SAP) (PS) 


Raw syngas temperature [°C] 430 

Composition (% of volume, moisture and 
Nitrogen (N 2 ) 53.2 

Carbon Monoxide (CO) 29.9 

Hydrogen (H 2 ) 7.8 

Carbon Dioxide (C0 2 ) 4.7 

Oxygen (0 2 ) 0.2 

Methane (CH„) 1.9 

Ethylene (Q.H4) 0.1 

Ethane (C 2 H 6 ) 0.3 

Propane (C3H8) 0.1 

LHV [MJ/Nm 3 ] 5.60 

HHV [MJ/Nm 3 ] 5.65 

Tar content [g/N m3] 19.37 

Dust content [g/N m3] 2.27 


510 

48.3 

29.0 

10.3 
6.7 
0.0 
2.4 
0.2 
0.6 
0.1 
5.79 
6.11 

11.51 

1.35 


310 

53.8 


530 

57.9 
18.4 

3.9 
16.2 
0.2 


2.96 

3.06 


gas, while cooling the gas required a limited amount of energy. With ex¬ 
ception of the sawdust test run, the tar-free syngas produced in the unit 
had a relatively stable composition and calorific value (LHV = 4.8-5.8 
MJ/Nm 3 ) regardless of the feedstock. The lower quality of syngas 
produced from sawdust (LHV = 3.0 MJ/Nm 3 ) was caused by the high 
moisture content of fuel. The composition and quality of gases produced 
in the final test runs are given in Table 3. 

The quality of the syngases are similar to those produced in other 
industrial updraft fixed-bed processes [20,19], Such gases, as shown 
and discussed in [3] are flammable, and maybe used directly by burning 
for heat production. 

The quality of syngases from pellets was slightly lower than those 
reported from the small scale newly-designed gasifier investigated by 
Burhenne [21], The present gasifier, optimised for gasifying sawdust, 
proved to be robust for ca. 15 years of continuous operation. 

Better quality syngas had been produced from torrefied pellets 
(LHV = 5.8 MJ/Nm 3 ) and the highest content of flammable gases, in 
comparison to the gas produced from other tested fuels. Due to limited 
air supply the nitrogen content was the lowest. The calorific value of 
syngas obtained from torrefied pellets is higher than calorific values of 
syngases from thermally unprocessed wood [28,21,19,29], 

For pellets these experiments confirmed the trend summarised by 
Pereira et al. [4] that with increased equivalence ratio (ER), the yield 
of carbon dioxide increased while the carbon monoxide yield decreased. 
This is not true for sawdust, which was gasified with a very low equiv¬ 
alence ratio (0.14). The probable explanation of this fact is the high 
water content of the saw dust. Other tests using sawdust as a feedstock 
reported similar calorific values of syngas [4[. 


3.3. Tar production 

Hence the operation conditions were set to maximise tar production 
the main aims of the experiment was to collect condensates derived 
from gasification of torrefied pellets and other materials. In practice 
the cooler condensated not only tar but also a certain amount of water 
and the collected condensates contained a distinct water fraction with 
dissolved organic compounds and a mixture of thick viscous organic 
substances — liquid hydrocarbons (tar). Condensate water fractions 
were immiscible with liquid hydrocarbons. The results for condensates 
collected during each test run were summarised in Table 4. 

The condensate water to tar ratio is the highest for the sawdust and 
lower for torrefied pellets. Such results were expected considering the 
significant amount of moisture in the sawdust and small water content 
in torrefied material. The water contained in the material did not take 
part in the gasification reactions and consequently left the reactor in a 
form of water vapour, which later condensed in the cooler. 
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Table 4 

Summary of tar production. 


Polish pellets (PP) Torrefied pellets (TP) South Africa pellets (SAP) 


Polish sawdust (PS) 


Collected condensates (water + tar) [kg] 151 

Collected water fraction [kg] 88 

Collected liquid hydrocarbons (tar) [kg] 63 

Condensates (water + tar) collection rate [kg/h] 2.4 

Condensates (water + tar) to fuel ratio [kg/kg] 0.034 

Tar to fuel ratio [kg/kg] 0.0143 

Water fraction to fuel ratio [kg/kg] 0.020 

Water fraction to tar ratio [kg/kg] 1.40 


53 178 137 

22 110 88 

31 68 49 

0.6 2.7 2.9 

0.024 0.049 0.060 

0.0138 0.019 0.021 

0.0098 0.031 0.038 

0.71 1.62 1.80 


The effectiveness of liquid hydrocarbon collection (tar to fuel ratio) 
varied between 0.0138 [kg tar/kg fuel] for torrefied pellets and 0.0213 
[kg/kg] for sawdust. 

For torrefied pellets water to fuel ratio was significantly smaller 
than for other feedstocks, while the tar to fuel ratios are only slightly 
smaller. It can be explained by the fact that the torrefaction pre¬ 
treatment is essentially a mild pyrolysis process, which causes initial 
devolatilisation and consequently leads to a lower production of water 
fractions and light molecular mass volatiles in the gasification process. 
The other possible explanation of low water fraction to fuel ratio is 
high temperature inside the gasification chamber, which occasionally 
exceeded 1000 °C. As reported in [4,21,13] such high temperature 
leads to effective tar cracking and consequently lowers tar content. 
The condensates to fuel ratio was noticeably different for the two 
types of ordinary pellets — 0.034 [kg/kg] for the Polish pellets and 
0.049 [kg/kg] for the South African ones. This may result from the differ¬ 
ences in volatile content of these pellets. 

3.4. Tar analysis 

The samples of water fractions were completely black in colour and 
contained dissolved organic molecules. No light oils floating on the 
water surface were observed. The composition of the organics dissolved 
in water was determined by GC-MS and the results were summarised 
in Table 5. 

For all feedstocks the organic acids were the main components in the 
water fractions of produced condensates. The contents of organic acids 
were the following: 79.5% from SA biomass, 67% from Polish pellets, 
64% from Polish sawdust and 59% from torrefied pellets respectively. Dur¬ 
ing torrefaction most of the light volatiles were volatilised, which explains 
the least content of acids in water fractions from torrefied pellets [30], 

The viscous liquid hydrocarbons could not dissolve satisfactorily in or¬ 
ganic solvents and three of them had to be used to allow characterisation. 
The main organic species in torrefied biomass tar were acids, whereas in 


Table 5 

GC-MS organic molecular composition of water fractions of condensates. 


Polish 

pellets 

(PP) 


Aliphatic 
Aliphatic esters 

Aliphatic aldehydes and ketones 
Aliphatic alcohol 
Alkylbenzenes 
Alkylphenols 

Furan (polyfunctional oxygen) 

Linear and cyclic aliphatic oxygenates 
(polyfunctional oxygen) 

Aromatic oxygenates 
(polyfunctional oxygen) 

Nitrogen and sulphur heteroatoms 
Total 

Total organic content in water 


0.00 

67.0 

0.7 

4.9 

93 

0.0 

6.8 


3.4 

73 


Torrefied South Africa Polish 
pellets pellets sawdust 

(TP) (SAP) (PS) 

0.0 0.0 0.0 

59.3 79.5 63.9 

2.0 2.2 1.6 

3.7 1.9 6.3 

7.6 4.5 3.9 

0.0 0.0 0.0 

13.8 4.0 10.6 

0.0 0.0 0.0 

1.8 1.7 1.8 

11.5 4.8 11.7 

0.0 0.6 0.0 

0.2 0.9 0.2 

100 100 100 

6.1 11.5 3.4 


other cases tars were composed of alkylphenols, linear and cyclic aliphat¬ 
ic oxygenates and polyfunctional aromatic oxygenates. The composition 
of the organics dissolved in liquid hydrocarbons are summarised in 
Table 6. 


Table 6 

Summary of tar production. 


pellets 

(PP) 


Aliphatic 
Aliphatic esters 

Aliphatic aldehydes and ketones 
Aliphatic alcohol 
Alkylbenzenes 
Alkylphenols 

Furan (polyfunctional oxygen) 

Linear and cyclic aliphatic oxygenates 
(polyfunctional oxygen) 

Aromatic oxygenates 
(polyfunctional oxygen) 

Nitrogen and sulphur heteroatoms 
Total 

Unknowns 


u.s 

21.9 

0.1 

5.2 

27.0 


100 

37.6 


Torrefied 

pellets 

(TP) 

0.0 

70.0 

0.0 

0.8 

7.7 
0.4 

11.8 

1.2 

0.0 

1.7 

2.2 

4.0 

100 

27.3 


Polish 

sawdust 

(PS) 


23.1 
0.0 

5.8 
0.7 
5.2 

34.1 

7.9 


15.2 

1.2 

100 

11.7 


3.5. The mass and energy balances 

Mass and energy balance calculations were performed as a part 
of this research. The results of these calculations are presented in 
Table 7. During the described above set of experiments the mass 
and energy flows were under full control, which is not typical for 
normal operation of an industrial-scale facility of this kind. Usually 
the appropriate mass and energy flows are estimated based on 
long-term consumption of fuels rather than on direct measurements. 

It was observed that the rates of gasification of raw biomass 
sources were in range of 45-70 kg/h and the rates of tar collection 
were in the range of 2-3 kg/h. These rates were smaller for the 
torrefied pellets — the gasifier was able to process only 25 kg/h of 
torrefied material and produced only 0.60 kg/h of liquid hydrocarbons. 

The processes of gasification of Polish pellets and South-African 
pellets, despite the similarity in feedstock, were slightly different: 
gasification of the South-African pellets was more efficient in terms 
of tar production per kilogram of feed but less effective in terms of 
syngas production. It is reflected by the cold gas efficiencies present¬ 
ed in Table 7, higher for gasification of Polish (0.77) than for South- 
African (0.72) pellets. These values of cold gas efficiencies for pellets 
(0.72-0.77) are in good agreement with results obtained in other in¬ 
dustrial facilities e.g. [31,4] but lower than results from smaller gas¬ 
ifiers, e.g. [29], Cold gas efficiencies for pellets are higher than for 
sawdust (0.57). It confirms the trend reported in the literature that 
cold gas efficiency is lower for poor quality feedstocks (0.65 for 
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Table 7 

Summarised mass and energy balance for all test runs. 


Polish pellets (PP) Torrefied pellets (TP) South Africa pellets (SAP) 


Polish sawdust (PS) 


Mass balance 

Gasification rate [kg/h] 68.8 

Air flow rate [kg/h] 120 

Tar production rate [kg/h] 2.4 

Gas production rate [kg/h] 186 

Ash production rate [kg/h] 1.9 

Energy balance 

Power [kW] 324 

Energy in biomass [MJ/h] 1167 

Chemical energy in syngas [MJ/h] 944 

Energy in tars [MJ/h] 62 3 

Uncertainty of energy balance [%] 14 

Equivalence Ratio [-[ 0.26 

Carbon conversion [-] 0.91 

Cold gas efficiency [-] 0.77 


194 

700 

563 

14.7 


266 

956 

828 

65.9 


0.28 0.31 

0.87 0.96 

0.75 0.72 


wood chips [25], 0.62 for feathers [10], 0.65 for corn stalks [26]). It 
has to be stressed that cold gas efficiencies calculated for industrial 
processes are lower that values estimated based on theoretical anal¬ 
ysis as those presented by Vaenzi et al. [32] or small-scale experi¬ 
ments [29], 

4. Conclusions 

A set of industrial-scale gasification experiments for raw and torrefied 
biomass feedstock was presented in this paper. Differences between gas¬ 
ification of untreated biomasses and torrefied material were pointed out: 
the temperature inside the gasifier was higher for torrefied pellets and the 
gasification rate and tar collection rate were more than two times smaller. 

The test runs with sawdust and raw pellets did not cause any opera¬ 
tional problems. On the contrary the process involving torrefied pellets 
was very hard to stabilise. Two methods of preventing combustion and 
promoting gasification were tested, which included grounding the 
torrefied pellets and blending the pellets with sawdust. Due to experi¬ 
enced operational problems it was concluded that effective and stable 
gasification of torrefied wood pellets in the tested type of industrial gasifi¬ 
er is very difficult to achieve. 

The tar-free syngas produced in the unit during gasification of 
pellets and torrefied pellets had a relatively stable composition and 
calorific value (LHV = 4.8-5.8 MJ/Nm 3 ). Cold gas efficiencies were in 
range of 0.72-0.77. The lower quality of syngas produced from sawdust 
(LHV = 3.0 MJ/Nm 3 ) and lower cold gas efficiency were caused by the 
high moisture content of the fuel. 

For all feedstocks the organic acids were the main components in the 
water fractions. For torrefied pellets the organic acids prevailed in the vis- 
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